Background: In the last decade many studies showed that the exhaled breath of subjects suffering from several pathological conditions has a peculiar volatile organic compound (VOC) profile. The objective of the present work was to analyse the VOCs in alveolar air to build a diagnostic tool able to identify the presence of pancreatic ductal adenocarcinoma in patients with histologically confirmed disease. Methods: The concentration of 92 compounds was measured in the end-tidal breath of 65 cases and 102 controls. VOCs were measured with an ion-molecule reaction mass spectrometry. To distinguish between subjects with pancreatic adenocarcinomas and controls, an iterated Least Absolute Shrinkage and Selection Operator multivariate Logistic Regression model was elaborated. Results: The final predictive model, based on 10 VOCs, significantly and independently associated with the outcome had a sensitivity and specificity of 100 and 84% respectively, and an area under the ROC curve of 0.99. For further validation, the model was run on 50 other subjects: 24 cases and 26 controls; 23 patients with histological diagnosis of pancreatic adenocarcinomas and 25 controls were correctly identified by the model. Conclusions: Pancreatic cancer is able to alter the concentration of some molecules in the blood and hence of VOCs in the alveolar air in equilibrium. The detection and statistical rendering of alveolar VOC composition can be useful for the clinical diagnostic approach of pancreatic neoplasms with excellent sensitivity and specificity.
Background
The use of exhaled air in clinical practice had acquired significant prominence by the end of the 80s, when this biological material started to be used for the diagnostics of poisoning from volatile substances [1] or for the biological monitoring of professional exposures to solvents [2, 3] .
In 1985 for the first time the possibility of identifying the presence of lung cancer through the examination of exhaled air [4] was pointed out. In subsequent phases Phillips et al. [5] made an analogous research using less complex equipment and confirmed the possibility of recognizing the presence of lung neoplasms using alveolar air. The same group of Authors stated that they had been able to observe 3481 different volatile organic compounds (VOCs) in exhaled air. Among them, 1753 had a positive alveolar gradient which suggests a prevalent endogenous or metabolic origin. The other 1728 had a negative alveolar gradient suggesting a prevailingly exogenous origin [6] .
The same team published some results concerning patients with breast cancer [7] . Additionally, they broadened and deepened the analysis on lung neoplasms [8] .
Theoretically, every important biological variation of the organism should come with significant biochemical changes and with interferences to the functionality of the immune defence system.
In fact, some modifications in the profile of the products present in the exhaled air were recorded in various clinical conditions: hepatic steatosis [9] active tuberculosis [10] schizophrenia [11] , heart transplant [12] and cystic fibrosis [13, 14] .
Some changes in the profile of the products exhaled have been observed in pregnant women affected by preeclampsia compared to those with a normal pregnancy [15] .
The possibility of identifying subjects affected by different kinds of neoplasms requires the use of various analytic methods with very different characteristics. Mazzone et al. [16] prepared a "colorimetric sensor array" which by examining the exhaled air of patients affected by lung neoplasm, permits us to distinguish patients from controls with considerable sensitivity and specificity. Some types of "artificial odour sensors" allowed Taivans et al. [17] to distinguish patients with various lung pathologies (bronchial asthma and chronic obstructive pulmonary disease) including lung neoplasms, from control subjects. Peng et al. [18] used gold nanoparticle sensors to analyse the VOCs in the exhaled air of patients affected by lung cancers, or rectal colon, or prostate disorders, to separate them from control subjects. Using a "proton transfer reaction mass spectrometry", Bajtarevic et al. [19] were able to detect some revealing differences in the quality of the exhaled air of subjects affected by lung cancer if compared to control subjects.
In this multifaceted frame of researches, we analysed the alveolar air in a group of patients affected by pancreatic ductal adenocarcinoma (PDA) cytohistologically confirmed and in a group of control subjects using an ion molecule reaction mass spectrometry (IMR-MS). The method we applied for the analysis of the alveolar air samples has been used just in few studies, but with good results [9, 20] ; nevertheless it is frequently used for the analysis of environmental pollutants. In our opinion this method provides very interesting data in particular if they are associated to an appropriated statistical elaboration. The goal of the present study was to examine whether each profile of the analysed VOCs could permit us to identify an algorithm discriminating the two groups of subjects, able to become a novel safe, not invasive and easy method to diagnose PDA.
Methods

Subjects
In this study the cases enrolled were subjects admitted to the Pancreatic Unit of the Surgical Department at the Verona University Hospital between 2008 and 2013. The inclusion criteria were the cytohistological diagnosis of PDA, and age higher than 18 years. For each patient we collected: personal and medical history, smoking patterns, alcohol consumption, oncologic marker CA19-9, and the report of the final cytological or histological exam. The diagnosis of pancreatic ductal adenocarcinoma (PDA) is not easy and certainly difficult at an early stage. Sometime the PDA is found during routine health checks and is not accompanied by any clinical symptoms. Sometime some clinical symptoms such jaundice or intestinal disorders require thorough diagnostic tests which lead to the diagnosis of PDA. Often only histological results allow a sure diagnosis. We involved patients with diagnosis of PDA and planned to undergo surgery without any recent chemotherapy in order to verify possible changes in the composition of the alveolar air; the neoplasm was therefore not in a too advanced stage, but in some cases not in the early stage neither. Patients involved in this study were planned for the surgical intervention and alveolar air samples were collected 1-3 days before surgery in order to avoid any interference with VOCs in alveolar air related to drugs used in the operating room or to the stress related of surgical intervention. Controls were recruited during hospital medical inspections. It is difficult to identify "perfectly healthy control subjects" and with the same age as patients with pancreatic neoplasm; we selected people hospitalized and submitted to some clinical tests that did not detect any neoplasm or other important diseases. Many control subjects were hospitalized patients planned for slight surgical interventions such venous or hemorrhoidal varices, inguinal hernias etc. Other control subjects were outpatients selected among people periodically checked for slight respiratory disorders (e.g., non-allergic rhinitis, mild bronchial asthma) hypertension or psychological disorders but in good general health conditions. Moreover, even the same pathologies were also recorded in several patients with pancreatic cancer. Subjects with previously diagnosed neoplasms, or with significant pathologies, such as multiple sclerosis or other pathologies of the central nervous system, were excluded from the control group. Patients provide their alveolar samples in the morning, fasted, to avoid the possible interferences of food or its metabolites on the VOCs profile. Also controls gave their alveolar air samples always in the morning, fasted or more than 2 h away from meals (for outpatients). All subjects involved provided written consent to their participation in the research.
In a second phase, to validate the predictive model, we analysed breath samples on a further group of fifty subjects, 24 of them with PDA and 26 as controls: the same inclusion criteria above described (age: between 40 and 75 years) were adopted: alveolar air samples were collected 1-3 days before surgery in patients with PDA histologically confirmed. Control subjects were selected among outpatients periodically checked for moderate respiratory disorders or for work related psychological disorders, not affected by any neoplasm and in good general health conditions. Their alveolar air samples were collected in the morning 2 h away from meals.
Sampling of alveolar air
Subjects were asked to make one deep exhalation inside a hand-device called Bio-VOC breath sampler® (Markes International Ltd., Rhondda Cynon Taff, UK), which is in essence a special 250 ml air syringe; it has got a valve in order to avoid any re-breathing phase by the subject, especially at the end of the blow, and the exhaled air follows a one way path. It was originally designed for air sampling discharged into sorbent tubes or for direct discharge on read out instruments.
While the subject was exhalating into the Bio-Voc breath sampler, a test tube, or vial was put at the other side of the sampler, to collect the exhaled air. The vial is described as a 20 ml glass tube with wide bordered opening, formerly sterilized and kept at 80°C for at least 24 h, to avoid presence of environmental pollutants. The whole exhalation was channelled into the test tube, in order to further "clean" from possible environmental VOC. At the end of the exhalation, the vial (now containing the last part of the exhaled air, the alveolar air) was closed with a Teflon septum (PTFE) and hermetically sealed with an aluminium ring. A sample of environmental air in the same room was also taken into a 20 ml vial: air in the vial was drawn with a 100 ml manual pump to allow environmental air to fill it. In this case too, the vial was closed and sealed.
The test tubes were kept at − 20°C until the analysis. The quality of the collection of the alveolar air was evaluated by the concentration of CO 2 registered in the analysis: samples with less than 2% CO 2 were considered as incorrectly collected, and were excluded from the statistical analysis.
Equipment
The analysis of the VOCs was performed by using the AirSense analyser and the V&F-auto sampler (V&F medical development GmbH, Absam, Austria) as described by Hornuss et al. [20] and Netzer et al. [9] . This equipment uses a combination of two integrated Mass spectrometer (MS) systems consisting of a conventional MS capable of fast CO 2 tracing controlling a second, highly sensitive MS for measuring the VOCs [21] . The AirSense consists of a highly sensitive MS with a soft ionization unit. The ionization of sample gas is performed through soft ionization by charge exchange between a primary ion (e. g. Xe + ; 12,1 eV) and the molecule to be analysed. Primary ions are produced by electron impact in a closed ion source. This technology allows interferencefree detection of molecules, which would not be possible by means of standard ionization techniques with energetically fast electrons (at least 70 eV) due to fragmentation and ionization (mass identity). The primary ions are focused by high frequency fields in an octopole separator and guided to the charge exchange cell. Through mass separation, contamination of the spectrum from source gases, as well as O 2 and N 2 , is avoided and thus the sensibility of the system rises considerably. In the charge exchange, cell ions meet the sample gas which is ionized through charge exchange reactions (Ion Molecule Reaction). Here too, ions are focused by high frequency fields and led to the actual high resolution mass filter.
Each alveolar air sample is transferred to the mass spectrometer through the V&F-auto sampler which maintains the biological sample at 65°C for 60 min before the transfer. In few seconds the concentration of several VOCs in the alveolar air sample is obtained.
The calibration of the mass spectrometer was performed by using various calibration mixtures containing CO 2 and O 2 at 10 and 5% respectively (from Messer Italia spa, Settimo Torinese, Italy). The measured gas compounds were given as absolute concentrations (ppb) and volume percent for CO 2 and O 2 . Twelve other products were directly calibrated: methanol, acetonitrile (ACN), ethanol, methyl ethyl ketone (MEK), acetone, isoprene, n-propanol, benzene, toluene, n-heptane, ammonia (NH 3 ) and sulphur dioxide (SO 2 ). Other VOCs were indirectly calibrated to the sensitivity of one directly calibrated component (benzene) and named with "M" followed by the molecular weight of compounds detected. This nomenclature is maintained in the following paper's text and in figures and tables too.
This concept represents a semi quantitative calibration procedure that is widely used in (multicomponent) analytical devices.
Statistics
Considering the large number of independent variables involved in the analysis, we decided to base the elaboration of the predictive model on a LASSO (Least Absolute Shrinkage and Selection Operator) logistic regression (LLR) [22, 23] . The LASSO is a penalized estimation method which avoids overfitting, caused by to collinearity or highdimensionality of independent variables, through the shrinking of the estimated regression coefficients. A tuning parameter λ controls the amount of shrinkage applied to the estimates. The shrinkage of some coefficients to zero reduces the number of covariates in the final model.
A 50-fold cross-validation was applied to all steps of the LLR, and independent variables (molecules) were standardized to allow optimal penalization.
In detail, we adopted a slightly modified version of the iterated LLR as described by Huang and colleagues [24] . First, we used an LLR to reduce the number of variables in the model, eliminating all variables if coefficients were 0 and ignoring their coefficients if these were > 0. Second, we included the remaining variables in a two-steps iterated LLR [24] : a first LLR to generate penalized weights to be used in an adaptive LLR [25] .
Penalized weights were calculated as inverse logistic regression coefficients. For this last regression, confidence intervals of the regression coefficients were calculated with a 10-fold iterated Bootstrap procedure.
Descriptive analyses were carried out with Stata/IC 11. 2 (StataCorp LP, College Station, TX, USA). Logistic regressions were carried out with R version 2.15.1 (The R Foundation for Statistical Computing, Vienna, Austria) and R packages "penalized" (Goeman JJ. Penalized R package, version 0.9-42) and "polywog" (Kenkel B, Signorino CS. Bootstrapped Basis Regression with Oracle Model Selection, version 0.2-0).
Results
In this study we enrolled 219 subjects (mean age 52 years, range 21-83) who signed an informed consent form. Among them, 144 were controls (mean age 47, range 21-78) and 75 were patients suffering from PDA (mean age 62, range 23-83).
All subjects were able to carry out the air sampling without difficulties, after a quick and easy explanation. Out of the 75 patients with PDA, we recorded positivity for the marker Ca19.9 in 49 patients.
In order to homogenize ages between cases and controls, however, we restricted the sample to cases and controls with ages ≥40 and ≤ 75. We, thus, excluded one 23 year old patient with ductal adenocarcinoma, 41 controls of < 40 years of age, one 78 year old control and 9 cases of ductal adenocarcinoma with > 75 years of age. A description of the restricted sample of 167 subjects (102 controls, 65 cases with ductal adenocarcinoma,) is presented in Table 1 . We found no significant difference in terms of sex distribution between controls and the outcome group. Despite the age restriction, however, a significant difference was found between age of controls and age of patients suffering from PDA.
In Table 2 we report some descriptive parameters that summarize the results of the measurement for the VOCs, for which we prepared a scaling curve, in samples of both environmental air and alveolar air of control subjects. The concentration ranges (in ppb) found in the international literature confirm that our results are reliable and comparable with those registered by other authors, both for the environmental concentration and for alveolar one [21, [26] [27] [28] [29] [30] [31] . Moreover, indoor air concentration of SO 2 and NH 3 are similar to those found by Leaderer et al. [32] and Salem et al. [33] . Figure 1 shows the profile of the products detected in the alveolar air of studied subjects (unbroken line) and in the environmental air (dotted line) in the consulting room where the patients and the control subjects were received. The concentration of the each molecule (in ppb) with specific molecular weight represents the median of 219 samples. The x-axis of the figure shows the series of the molecular weights of the analysed products. Data are shown after the deletion of the group of molecules with a significantly greater environment concentration, compared to the alveolar concentration: these molecules, partially absorbed by the human organism, are found in the alveolar air just in proportion to the amount kept at a pulmonary level. A higher alveolar concentration compared to the environmental one, suggests a biological-metabolic origin. Besides, the appearance of these molecules in the alveolar air is the expression of their partial positive pressure in the blood, compared to the environmental air, suggesting a tendency of the organism to eliminate them through the exhaled air. They are 70 molecules, among which are: acetone, acetonitrile, n-heptane, isoprene, MEK, NH 3 , SO 2 , toluene and benzene, for which we had prepared a specific calibration.
The first LLR was run with age, sex and all 70 VOCs. From the 50-fold cross-validation procedure we obtained a λ value of 1.867425. Applying this λ we obtained a model with 21 VOCs plus age: all other variables (49 VOCs and sex) had regression coefficients equal to zero and were thus discarded. The second LLR (LASSO followed by an Adaptive LASSO), which included age and the remaining 21 VOCs, produced a model based on age plus 10 VOCs (Table 3 ). This final model has an area under the ROC curve of 0.9879 (Fig. 2) . This model is able to identify all cases (sensitivity = 100%) with only 16 false positives out of 102 (specificity = 84.3%). Otherwise, with a sensitivity of 95.4% (3/65 false negatives), specificity reaches 92.2% (8/102 false positives). Table 4 reports the main statistical parameters of alveolar concentrations (expressed in ppb) of ten VOCs selected by the final model both for cancer patients and controls. Some VOCs have concentrations round a few ppb, but some others overtake thousands of ppb. In patients affected by PDA the median concentrations of Ammonia, M43, M71, M74, M89 and M112 are higher than in controls, while those of M34, M44, M62, Sulfur dioxide are lower.
For an additional validation of the model we collected other alveolar air samples from new 50 subjects 40-75 years-old: 24 patients were admitted into our surgical department with histologically identified ductal adenocarcinoma and 26 were controls. Methods for VOC collection and their measurements were the same used for the other subjects. Table 5 reports the main statistical parameters of alveolar concentrations (expressed in ppb) of the ten VOCs selected by the model both for further new patients with PDA and controls. By using the same cut-off previously calculated, the model correctly classified 23 cases of 24, meaning a sensitivity of 95.8% and 25 controls of 26 with a specificity of 96.2%.
Discussion
The most relevant results of our study are: i) In presence of PDA the normal VOCs profile in the exhaled air changes ii) The profile of the VOCs has the potential to become a test to discriminate between subjects with ductal adenocarcinoma and subjects without the disease.
The adenocarcinoma of the pancreas is the most common pancreatic tumour (around 95%) and the fourth most common cause of death due to cancer in the USA It often has an unfavourable prognosis: considering all stages, the survival is respectively 25% at one year and 6% at 5 years [34] . Nevertheless the only possibility of treatment is the removal of small tumours formerly discovered [35] .
Research for an early diagnosis is therefore a priority of extraordinary relevance. Unfortunately, at present the results have not been satisfactory [36] , even though several approaches have been tried [37] . Serum CA19-9 represents the "gold standard" marker to verify the presence of a pancreatic cancer. The diagnostic sensitivity of the CA19-9 is 79% (70-90%), its specificity is 82% (68-91%), with a positive predictive value of 72% (41-95%) and the negative predictive value of 81% (65-98%) [38] . In addition, 10-15% of the people do not produce the CA19-9 because of the Lewis-negative genotype [39] . Besides, the serum levels of this indicator are high even in other benign and malignant pathologies [40] .
Concerning 10 molecules we detected as important for the ductal Adenocarcinoma model only 5 are known: two of these are quantified and calibrated by IMR-MS in our equipment conditions; they are ammonia (M17) and sulphur dioxide (M64). Three compounds with MW 34 Da (Da), 43 and 44 Da, considering the electronic charge-discharge conditions of our instrument are hydrogen sulphide, acetyl group and acetaldehyde respectively. For the last five masses of ten, we did not find in the literature any report associating them to products already found by other Authors in the alveolar air samples of patients with any kind of cancer. Their chemical identification is not possible with the method we used and must be provided by other techniques (i.e. GC-MS, which however needs preconcentration of the sample). Further studies will be necessary to find out which molecules, among those we have pointed out (even if notnamed), could be considered the most specific and useful markers in the detection of the pancreatic adenocarcinoma.
With the involvement of new cases of pancreatic neoplasm we ran the model for the validation test that didn't confirm the same sensitivity, nevertheless the results were good.
The predictive model reaches 100% sensitivity and a good specificity which can be recalibrated, for clinical or epidemiological studies in order to have higher specificity values with an acceptable sensitivity. Other requirements for a good analysis, met by this method, are: speed, security, minimal invasiveness and low costs. Indeed, it is a very quick test. After a short explanation about the importance of a deep inhalation, the sample can be obtained in the time of an exhalation.
Certainly, in "preliminary performance studies" such as this one, each attempt to identify illness indicators can prove vain. Since it could point out some altered elements in a productive phase, it cannot be used in an early phase [41] . The appearance of clinical manifestations in this kind of tumour can be both early and late, depending on the region of the pancreas concerned. Therefore, it is not possible at the first hospitalization to speak of neoplasm as being at the early stages or as being very advanced. The evolution of the pancreatic cancer and the inadequate currently available instruments for early diagnosis in this field persuaded us to study it through the analysis of the alveolar air. Oxidative stress is a possible causal factor for pancreatic cancer [42, 43] and is hypothetically able to alter the concentration of volatile compound exhaled. At present, our intuition is that in some way it is not the substances taken one by one that are so important for the detection of the pancreatic cancer, but the "movement" of a group of different molecules that determines the prediction of pathology. To the best of our knowledge, this is the first study which addresses the possibility of identifying patients suffering from PDA by the VOC profile of alveolar air.
Conclusions
Predictive models, based on VOCs profiles in alveolar air, obtained from the use of high precision instruments and advanced statistical methods, could contribute to the diagnosis of such a cryptic kind of neoplasm with high sensitivity and specificity. We reach 100% sensitivity with a specificity of 84%. The analysis of alveolar air, in view of the first results achieved, is undoubtedly a very promising test for detection of pancreatic ductal adenocarcinoma. The integration of VOCs profiles and blood specific markers could further improve the detection of different kind of neoplasms and other pathologies.
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